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We report the 3.3 A˚ resolution structure of dimeric
membrane-bound O2-tolerant hydrogenase 1 from
Escherichia coli in a 2:1 complex with its physiolog-
ical partner, cytochrome b. From the short distance
between distal [Fe4S4] clusters, we predict rapid
transfer of H2-derived electrons between hydroge-
nase heterodimers. Thus, under lowO2 levels, a func-
tional active site in one heterodimer can reductively
reactivate its O2-exposed counterpart in the other.
Hydrogenase 1 is maximally expressed during
fermentation, when electron acceptors are scarce.
These conditions are achieved in the lower part of
the host’s intestinal tract when E. coli is soon to
be excreted and undergo an anaerobic-to-aerobic
metabolic transition. The apparent paradox of having
an O2-tolerant hydrogenase expressed under anoxia
makes sense if the enzyme functions to keep intra-
cellular O2 levels low by reducing it to water, protect-
ing O2-sensitive enzymes during the transition.
Cytochrome b’s main role may be anchoring the
hydrogenase to the membrane.
INTRODUCTION
Hydrogenases (H2ases) are enzymes present in microorganisms
that catalyze the reversible oxidation of molecular hydrogen
according to the reaction H24 2H
+ + 2e. Three phylogeneti-
cally unrelated types of these enzymes have been described:
the [Fe]-, [FeFe]-, and [NiFe]-H2ases (Fontecilla-Camps et al.,
2007). The enteric facultative anaerobe Escherichia coli (Ec)
has three well-characterized H2ases of the latter type (Sawers,
1994). One of these, the periplasmic membrane-bound H2ase
2 (EcHyd-2), is expressed during microaerobic and anaerobic
respiration when Ec uses H2 as electron donor to reduce mena-
quinone to its quinol, with subsequent electron transfer to fuma-
rate. EcHyd-2 is O2 sensitive and displays rapid H2 uptake
activity even at potentials just above the thermodynamic H+/H2
value (Lukey et al., 2010). H2ase 3 (EcHyd-3) is an O2-sensitive
component of the cytoplasmic membrane-bound formate-184 Structure 21, 184–190, January 8, 2013 ª2013 Elsevier Ltd All righydrogenlyase complex that catalyzes the conversion of
formate, a normal product of fermentation, to CO2 and H2, thus
preventing cytoplasmic acidification and allowing for hydrogen
recycling (Leonhartsberger et al., 2002). The strictly anaerobic
expression of EcHyd-3 is, at least partially, stimulated by formate
(Leonhartsberger et al., 2002). H2ase 1 (EcHyd-1) displays H2
uptake activity at significantly higher potentials than EcHyd-2
(Lukey et al., 2010). Like EcHyd-3, its expression is stimulated
by formate (Brøndsted and Atlung, 1994). EcHyd-1 is maximally
produced during fermentation and under various types of stress
such as carbon and phosphate starvation, osmotic up shift, and
stationary phase conditions (Atlung et al., 1997). Amino acid
sequence comparisons and functional and structural studies
(Fritsch et al., 2011b; Shomura et al., 2011; Volbeda et al.,
2012) have shown that EcHyd-1 is closely related to
membrane-bound [NiFe]-H2ases (MBHs) found in Knallgas
bacteria such as Ralstonia eutropha (Re), Hydrogenovibrio
marinus (Hm), and Aquifex aeolicus. Like these enzymes, and
despite being expressed under anaerobic conditions, EcHyd-1
is oxygen tolerant and contains the special proximal (relative to
the active site) [Fe4S3] cluster that can rapidly undergo two
successive one-electron oxidations within a narrow potential
range (Goris et al., 2011; Pandelia et al., 2011; Roessler et al.,
2012). The additional two electrons required to reduce the
attacking O2 to two water molecules (Fontecilla-Camps et al.,
2007) can originate from either the two-electron oxidation of
Ni(I) to Ni(III) (Ni-L* to Ni-B) or the one-electron oxidation of
Ni(II) to Ni(III) (Ni-SI to Ni-B) at the active site, the latter coupled
to the one-electron oxidation of the medial cluster. By favoring
the formation of Ni-B and water, the active site avoids the forma-
tion of a stable (hydro)peroxide species, a likely signature of
hard-to-reactivate inactive unready states of O2-sensitive
[NiFe]-H2ases (Fontecilla-Camps et al., 2007), as well as other
oxygenated, inactive states.
EcHyd-1 is anchored to the periplasmic side of the cyto-
plasmic membrane by both a small (S) subunit C-terminal
transmembrane a helix and an integral membrane b-type cyto-
chrome. We have recently reported the high-resolution crystal
structure of EcHyd-1 (Volbeda et al., 2012). The enzyme is
a dimer of heterodimers each containing a S and a large (L)
subunit associated as in HmMBH (Shomura et al., 2011).
Although there was clearly room for the two transmembrane
a helices in our EcHyd-1 crystal, these were not visible in thehts reserved
Figure 1. UV/Vis Spectra of the EcHyd-1:Cytochrome b Preparation
Used for Crystallization
The sample after anaerobic purification (diluted 40 times) is indicated in blue,
after subsequent exposure to air for 4 hr in red, and after a 1 hr exposure of the
same air-oxidized sample to a 100% H2 atmosphere, inside an anaerobic
glove box (sample diluted 80 times, spectrum scaled by a factor of two), in
green. The oxidation and subsequent partial reduction of cytochrome b are
evidenced by the shift of the absorbance peaks at 429 and 562 nm to 416 and
532 nm, respectively, and vice versa (Frielingsdorf et al., 2011). See also
Figure S1 and Table S1.
Table 1. X-Ray Data Collection and Structure Refinement
Crystal 1 2
pH 8.2 5.9
Salt NaCl, LiSO4 NaCl, NaAc
Detector Pilatus Pilatus
l (A˚) 1.7389 0.97908
Exposure (s) 150 130
Transmission (%) 4.9 5
Cell dimensions (A˚)
a 124.7 126.0
b 164.6 165.3
c 210.6 212.8
X-Ray Data
Overall resolution (A˚) 50–4.2 50–3.3
No. of Nhkl 32,172 73,321
Rsym (%) 16.3 7.2
<I/sI > 5.6 12.4
Completeness (%) 99.6 99.3
High-resolution shell (A˚) 4.3–4.2 3.4–3.3
Rsym (%) 72.0 79.5
CC1/2 (%) 50.0 56.0
<I/sI > 1.2 1.5
Completeness (%) 92.9 99.2
Refinement
Rmodel (%) 20.0
Rfree (%) 23.6
sbond (A˚) 0.011
sangle (
) 1.16
No. of atoms 31,260
No. of ncs restraints per atom 3.3
Average B factor (A˚2) 106.0
Structure
O2-Tolerant Hyd-1/Cytochrome b Complex Structureelectron density map. Here, we report and analyze a structure
that includes both this transmembrane a-helical region and its
cognate membranous cytochrome b. This membrane-bound
complex structure allows us to elaborate on the physiological
role of EcHyd-1, which is proposed to be protection against
oxidative damage by O2.
RESULTS
We have obtained a crystal form of EcHyd-1 from a sample that
had a mutationally generated S subunit [Fe4S4] medial cluster
and, as indicated by UV/Vis spectroscopy (Figure 1), also con-
tained reduced cytochrome b (the B subunit). The cytochrome
became oxidized under air and could be partially reduced again
by H2. The structure was solved by molecular replacement and
subsequently refined at 3.3 A˚ resolution (Table 1). It shows one
B subunit per (SL)2 H2ase dimer (Figure 2), with two 2-fold
symmetry-related B(SL)2 oligomers per asymmetric unit. This
observation is consistent with an amino acid composition anal-
ysis that showed that, at most, one B subunit per (SL)2 dimer
was present in solution prior to crystallization (see Experimental
Procedures; Table S1 available online). Model building of the B
subunit and the previously unresolved C-terminal transmem-
brane anchor helices of the H2ase S subunits was started by
real-space refinement of ideal a helices, positioned in 2-fold-
averaged electron density omit maps (Figure 2A), using the
homologous cytochrome b subunit of Ec formate dehydroge-Structure 21, 18nase N (FDH-N) (Jormakka et al., 2002) as a reference structure.
Eventually, 179 out of the 235 residues of the cytochrome
b subunit could be traced, and the H2ase S subunits could be
extended by about 30 residues. Unresolved regions are located
far from the H2ase subunits. After refinement using noncrystallo-
graphic symmetry (ncs) restraints, the cytochrome b structures
of EcHyd-1 and EcFDH-N including one contacting trans-
membrane anchor helix (Figures S2A and S2B) display a root-
mean-square deviation (rmsd) of 2.2 A˚ for 135 superimposed
Ca’s positions. Based on amino acid sequence homologies,
we expected to find two hemes per B subunit. However, only
the heme proximal to EcHyd-1 is present in the crystals (Figures
2A and 2B). The distal heme may have been lost due to destabi-
lizing packing interactions that separated the two a helices
carrying its histidine ligands. Addition of a menaquinone analog
to the crystallizing solution had no influence on this result. The
two transmembrane a helices from the EcHyd-1 S subunits
pack against opposite sides of the cytochrome b (Figure 2C).
This arrangement is reminiscent of that found in the two-subunit
b-type cytochrome from Ec succinate dehydrogenase (complex
II), except that the corresponding helices have opposite polarity
(Yankovskaya et al., 2003) (Figure S2C).4–190, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 185
Figure 2. Three-Dimensional Structure of
EcHyd-1
(A) Stereo image of the fit of the EcHyd-1
cytochrome b subunit to a 3.3 A˚ resolution 2-fold-
averaged mFo-Fc map contoured at the 4s level. A
2-fold-averaged 4.2 A˚ resolution anomalous
difference map calculated with Fe-edge X-ray
data (l = 1.7389 A˚) is depicted in red (contour
level at 15s).
(B) Two-fold-averaged 3.3 A˚ resolution omit map
of the region between the H2ase distal [Fe4S4]
cluster and the heme group of cytochrome
b (contour level at 3.3s). The anomalous difference
map is depicted in red and coincides with the
positions of iron ions (contour level at 4.2s).
S subunit elements are labeled in italics.
(C) Fold of the B(SL)2 unit. Subunits are shown
as follows: S in blue and light blue, L in dark and
light violet, and B in green. The spheres represent
Fe in red-brown, Ni in green, S in yellow, and Mg2+
in blue.
See also Figure S2.
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and stereochemistry (Table 1). The good quality of the final
cytochrome b model is also indicated by a geometry check
performed with PROCHECK (Laskowski et al., 1993), which indi-
cates stereochemical parameters corresponding to a typical
structure of approximately 2.4 A˚ resolution. The rmsd between
the 1,692 Ca positions of the starting 1.47 A˚ resolution (SL)2
model used in the molecular replacement procedure and the
final 3.3 A˚ resolution (SL)2 dimers is 0.32 A˚. This value decreases
to 0.24 A˚ when the four S subunit C-terminal residues (residues
265–268) seen in the 1.47 A˚ resolution model are removed from
the superposition. Examination of the interface between cyto-
chrome b and its nearest H2ase molecule (Figure 2) shows that
it involves complementary shapes and charges and contains
numerous conserved residues when compared with ReMBH,
another O2-tolerant [Fe4S3]-containing H2ase (Figures 3 and
S3; Table S2). The sequence conservation is very high both in
the hydrophilic central region of the contact interface and in
the mostly hydrophobic region where the H2ase anchor helix
and the cytochrome interact.
About 6,800 A˚2 of the cytochrome b surface is buried in the
[B(SL)2]2 complex (Figure 4A; Table S3). This value is much
higher than those obtained for a symmetrical (BSL)2 structure,
generated by applying the 2-fold symmetry operator of the
H2ase (SL)2 dimer to the nearest B subunit (Figure S4) and for
EcFDH-N (Table S3). The extensive interacting surface explains
the stability of the crystallized complex. As previously shown for186 Structure 21, 184–190, January 8, 2013 ª2013 Elsevier Ltd All rights reservedO2-sensitive NiFe-H2ases (Fontecilla-
Camps et al., 2007), a hydrophobic tunnel
network is observed in the 1.47 A˚ resolu-
tion EcHyd-1 (SL)2 complex structure
(Volbeda et al., 2012). In the generated
(BSL)2 complex, the closest tunnel
entrance should be at about 15 A˚ from
the membrane surface (Figure S4). Con-
versely, in the experimentally observed
[B(SL)2]2 complex reported here, theclosest tunnel entrance should virtually touch that surface (Fig-
ure 4B). Either arrangement may be adequate under fermenta-
tion, when Ec evolves significant amounts of H2 (Redwood
et al., 2008). In the H2ase (SL)2 dimers, the closest inorganic S
atoms of the two distal [Fe4S4] clusters are separated by
12.3 A˚ (Figure 4C), a value that is well within the range of
distances found between nearest redox centers in typical multi-
centered redox enzymes (Page et al., 2003). This strongly
suggests that electrons can be transferred rapidly between the
two H2ase S subunits.
DISCUSSION
To our knowledge, we report on the first crystal structure of
a H2ase in complex with a redox partner. In general, NiFe-
H2ase/cytochrome b complexes are unstable once removed
from the cytoplasmic membrane (Menon et al., 1991), and
multiple EcHyd-1-containing species have been found during
purification. Consequently, we conclude that the rather unex-
pected interaction between two EcHyd-1 S subunit anchor
a helices and the B subunit is very likely responsible for the
stability of the observed B(SL)2 complex. The use of ncs and
an excellent (SL)2 starting model has allowed us to generate
a partial cytochrome b structure with good stereochemistry.
The cytochrome, which is an intrinsic membrane protein, is
less tightly folded and disordered in regions away from the
H2ase, probably due to crystal-packing interactions, resulting
Figure 3. Electrostatic Potential Surfaces
and Amino Acid Residues at the Complex
Contact Interface
This interface is between subunits B (A) and S2 (B)
from the (BS1L1S2L2)2 EcHyd-1 crystal structure.
The view of (B) is rotated by 180 around the
vertical axis with respect to (A). Positive, neutral,
and negative potentials are colored blue, white,
and red, respectively. For B-S2 contacts within
4 A˚, main-chain loops are shown in black, and
C atoms are depicted in black for contacting
side chains when these are identical in EcHyd-1
and ReMBH (see also Figure S3 and Table S2).
Redox sites are labeled in blue, whereas the
heme is shown as a yellow surface in (A) and
as yellow sticks in (B). The three conserved resi-
dues on the surface of S2 labeled with an asterisk
(*) contribute to a positive patch facing the ex-
posed carboxylate groups of the heme (see also
Figure 2B).
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O2-Tolerant Hyd-1/Cytochrome b Complex Structurein the loss of the distal heme. Conversely, the regions of the
cytochrome that interact with the enzyme and the proximal
heme are reasonably well defined in the electron density map
(Figure 2B). Although the observed B(SL)2 stoichiometry may
not reflect the physiological complex, several observations
strongly suggest that the interaction between the cytochrome
and one of the H2ase molecules (Figure 3) is the one occurring
in vivo: (1) the interface between the two proteins contains
numerous conserved residues; (2) the interface shows extensive
charge and shape complementarity; (3) the mainly hydrophobic
interaction between one S subunit C-terminal a helix and the
cytochrome is very similar to the one observed in FDH-N; and
(4) it is possible to partially reduce the cytochromewith H2, which
implies a viable electron-transfer pathway from the H2ase distal
[Fe4S4] cluster to the proximal heme. The crystal structure shows
that the histidine ligand of the former and one of the carboxylate
groups of the latter are separated by about 5 A˚ (Figure 2B). Inci-
dentally, from a technological standpoint, our EcHyd-1-cyto-
chrome b complex defines a surface on the H2ase with basic
and acidic patches (Figure 3) that could be used to design stable
and functional electronic coupling between the enzyme and
a fuel-cell anode, under air.
Besides EcHyd-1, other H2ases such as HmMBH form (SL)2
dimers, and the great majority of the residues involved in con-
tacts between the H2ase molecules are conserved in HmMBH
and ReMBH, especially those from the S subunit (Figure S3).
This observation is at variance with the proposed (BSL)3 stoichi-
ometry for ReMBH (Frielingsdorf et al., 2011). The dimeric struc-
ture may be essential because, if one of the H2ase molecules of
the EcHyd-1 dimer has used four electrons to reduce O2 to water
at the active site, it could be rapidly ‘‘jumpstarted’’ by electrons
directly coming from H2 oxidation at the active site of the second
H2ase heterodimer. Recent results show that the two redox
processes of the EcHyd-1 proximal cluster have E potentialsStructure 21, 184–190, January 8, 2013of 30 and 230mV at pH 6.0 with the E0 of
the medial [Fe3S4] cluster being 190mV
(Roessler et al., 2012). Such positive
potentials provide a strong driving forceto attract electrons that may subsequently be used to activate
the Ni-Fe site. In any case, electrons will not be readily trans-
ferred from the complex to the membrane quinone pool as
long as the medium remains more reducing than the midpoint
potential of menaquinone (E0
0
= 74mV). This is the case during
fermentation, when EcHyd-1 is maximally expressed. Further-
more, the minimal H2 consumption by EcHyd-1 observed with
added nitrate (Laurinavichene and Tsygankov, 2001) indicates
that even in the case of an electron acceptor with a high-positive
potential (E0
0
= +420mV), the enzyme does not readily transfer
electrons to the respiratory chain.
The function of EcHyd-1 has remained elusive (Pinske et al.,
2012). Its expression is repressed under aerobic conditions
(Nesbit et al., 2009). Moreover, it is downregulated by nitrate
(Richard et al., 1999) and does not couple H2 oxidation to fuma-
rate reduction (Laurinavichene and Tsygankov, 2001), which
argues against EcHyd-1 playing a role in anaerobic respiration.
Importantly, EcHyd-1 does not significantly oxidize H2 during
glucose fermentation (Redwood et al., 2008; Pinske et al.,
2012). Furthermore, its expression is coregulated with cyto-
chrome bd oxidases, enzymes related to the one that in
Azotobacter vinelandii provides respiratory protection to nitroge-
nase by scavenging O2 (Poole and Hill, 1997). Cytochrome bd-II
plays a fundamental role in generating an anoxic intracellular
environment (Alvarez et al., 2010). Using anaerobically grown
wild-type, Hyd-1+ and Hyd-2+-mutated Ec cells, Laurinavichene
and Tsygankov (2001) have shown that EcHyd-2 is responsible
for most of the exogenous H2 consumption when methyl violo-
gen, benzyl viologen, nitrate, or fumarate is anaerobically added
as an electron acceptor to a cell suspension. Conversely, when
6% air is added to the anaerobic sample, H2 consumption is
maximal with EcHyd-1. This consumption reflects either O2
reduction at the cytoplasmic cytochrome bd-I and/or bd-II sites,
with electrons supplied by EcHyd-1, or direct O2 reduction atª2013 Elsevier Ltd All rights reserved 187
Figure 4. Attachment of EcHyd-1 to the
Membrane
(A) Structureof theobservedcomplexwith residues
colored from blue (relatively ordered) to red (high
degree of disorder), according to their refined
temperature factors. Metal sites are colored as in
Figure 2C. The red arrow indicates the 2-fold sym-
metry axis relating the B(SL)2 heteropentamers.
(B) Structure of one BSL unit with a tunnel network
in semitransparent gray mesh.
(C) Edge-to-edge distances (A˚) between redox
centers (same view as Figure 2C). Expected
membrane boundaries are shown with dashed
lines.
See also Figure S4 and Table S3.
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O2-Tolerant Hyd-1/Cytochrome b Complex Structurethe H2ase active site, or both. Thus, under in-vivo-fermenting
conditions, any O2 entering Ec could be reduced by EcHyd-1
using H2 generated by EcHyd-3 from formate. Indeed, like its
O2-sensitive counterparts, EcHyd-1 has hydrophobic tunnels
connecting the active site to the molecular surface. Because
the solubility of H2 is much higher in a hydrophobic than in
a hydrophilic environment, a hydrophobic tunnel close to the
membrane surface could effectively convey the H2 produced
by EcHyd-3 on the cytoplasmic side of the membrane to the
active site of EcHyd-1 located on the periplasmic side.
Remarkably, the prevalent human pathogen Salmonella enter-
ica serovar Typhimurium (Se) has two O2-tolerant MBHs, here
designated SeHyd-1 and SeHyd-5, both having amino acid
sequences closely related to those of other [Fe4S3] cluster-
containing [NiFe]-H2ases (Parkin et al., 2012). However, Se-
Hyd-5, like MBHs from Knallgas bacteria (Fritsch et al., 2011a),
has three extra genes that permit its aerobic maturation and
subsequent function under air, coupling H2 oxidation to O2 respi-
ration. Conversely, SeHyd-1, like EcHyd-1, is only expressed
under anaerobic fermentative conditions and lacks those extra
genes (Parkin et al., 2012). SeHyd-5 activity could be essential
whenSalmonella gets engulfed bymacrophages, which undergo
a respiratory burst in order to generate toxic oxidants as a
defense mechanism (Zbell et al., 2008).
Because EcHyd-1 levels are highest during fermentation
(Pinske et al., 2012), rather than playing a significant role in
aerobic energy conservation by coupling H2 oxidation to oxygen
respiration, like ReMBH does, the main role of this H2ase would
be aerobic shock protection as soon as O2 is encountered. If this
is the case, then the cytochrome’s main role would be to anchor
the H2ase to the membrane rather than sending electrons to the
respiratory chain. As an enteric facultative anaerobe, Ec will
undergo drastic environmental changes when, after transiting
through the increasingly anoxic intestinal tract of its host, it is
excreted and consequently exposed to atmospheric O2 levels.
The proposed protective role of EcHyd-1 would ensure optimal
Ec survival during the transition from anaerobic to aerobic
metabolism.
EXPERIMENTAL PROCEDURES
Enzyme Purification
EcHyd-1 was purified as described previously (Volbeda et al., 2012), except
that instead of using a homogenizer, cell membrane proteins at 10 mg/ml
were solubilized with 3% w/v Triton X-100 by stirring overnight at 4C. The188 Structure 21, 184–190, January 8, 2013 ª2013 Elsevier Ltd All rigpartially purified sample in 0.02% Triton X-100 was subjected to a Superdex
200 gel filtration step in an anaerobic glove box (Figure S1), and the two major
peaks were collected. The second peak, which also contained cytochrome
b (Figure 1), could be crystallized after a final hydroxyapatite chromatography
step in which, compared to the previous purification (Volbeda et al., 2012),
the protein eluted at double the concentration of K2HPO4/KH2PO4. Apparently,
the homogenizer treatment dissociates the membrane-bound cytochrome
b subunit from EcHyd-1.
EcHyd-1:Cytochrome b Stoichiometry
In order to determine the fraction f of cytochrome b (B subunit) relative to the
H2ase S and L subunits, an amino acid content analysis of the solution used for
crystallization was performed with a Biochrom 30 amino acid analyzer. The
amino acid distributions calculated from the known amino acid sequences
(Figure S3) were comparedwith the experimental ones (Table S1) using a Pear-
son correlation coefficient (PCC), defined as
PCCðfÞ=

N$SEiPðfÞi
 SEi$SPðfÞi

nh
N$SE2i  ðSEiÞ2
i
$
h
N$SPðfÞ2i 

SPðfÞi
2io1=2 :
Here, the summations S are over the N elements of the two distributions, Ei
is the measured content of amino acid i in the protein solution, and P(f)i =
Si+Li+f,Bi, with Si, Li, and Bi being the expected total amounts of each amino
acid in subunits S, L, and B. Maximizing a score defined as [1-PCC(0)]/
[1-PCC(f)], a best value of 1.05 is obtained for fz0.2, i.e., for 20% cytochrome
b present per H2ase SL heterodimer. For f = 0, this score is by definition 1,
for fz0.5, it is 0.93, whereas for f = 1.0, it becomes 0.58. Taking into
account possible experimental errors, we conclude that already before crys-
tallization, at most, one cytochrome b was present in solution per two H2ase
heterodimers.
EcHyd-1 Crystallization
Crystals were grown in an anaerobic glove box with conditions close to those
used previously for the enzyme lacking cytochrome b (Volbeda et al., 2012),
except that a two- to four-times higher protein concentration was required.
Crystal 1 was grown at pH 8.2 with 16% PEG 3350, 100 mM Tris HCl,
200 mM LiSO4, 100 mM NaCl, 1 mM DTT, and 0.02% n-dodecyl b-D-malto-
side. Crystal 2 was grown at pH 5.9 from a solution containing 12% PEG
4000, 100 mM Na acetate, 200 mM NH4 acetate, 100 mM NaCl, 1 mM DTT,
and 0.02% n-dodecyl b-D-maltoside, and with the addition of 0.35 mM
NQNO (2-n-nonyl-4-hydroxyquinoline-N-oxide, a menaquinone analog) dis-
solved in ethanol. Both crystals were flash cooled inside the glove box as
described previously (Vernede and Fontecilla-Camps, 1999) and stored in
liquid nitrogen after adding 20% glycerol to the crystallization drop.
Data Collection, Structure Solution, and Refinement
For crystal 1, an X-ray diffraction data set was collected at beamline X06SA of
the Swiss Light Source in Villigen, Switzerland, at a wavelength close to the Fe
absorption edge (see Table 1). Data for crystal 2 were collected at beamline
ID23-2 of the European Synchrotron Radiation Facility in Grenoble, France.
All data were indexed, integrated, and scaled with the XDS package (Kabsch,hts reserved
Structure
O2-Tolerant Hyd-1/Cytochrome b Complex Structure2010), using a conservative value of 50% for the recently proposed CC1/2
correlation statistics (Karplus and Diederichs, 2012) as a cutoff for choosing
the resolution limits. The structure was solved by molecular replacement
with the Phaser program (McCoy et al., 2007) of the CCP4 package (Winn
et al., 2011) using the previously obtained 1.47 A˚ resolution EcHyd-1 (SL)2
structure (Volbeda et al., 2012) as startingmodel, excluding solvent molecules.
The orthorhombic P212121 crystal form contains two (SL)2 dimers of H2ase
heterodimers per asymmetric unit, related by 2-fold ncs. The mFobs-Fcalc
difference map (Read, 1986) calculated with the molecular replacement
phases showed significant electron density features only for one cytochrome
b subunit. An anomalous difference map calculated with the Fe-edge data
showed only one Fe to be present per cytochrome bmolecule (the B subunit).
The signal-to-noise ratio of these two maps was improved by 2-fold averaging
using the ncs operation relating the two H2ase (SL)2 dimers. The B subunit was
modeled inside 2-fold-averaged mFobs-Fcalc (Figure 2A) and 2mFobs-DFcalc
electron density maps (Read, 1986) with COOT (Emsley et al., 2010). Next,
the structure was gradually improved by crystallographic refinement with
REFMAC (Murshudov et al., 2011). Because of the limited resolution of the
X-ray data, it was crucial to use ncs to obtain a sufficiently high observation-
to-parameter ratio for stable refinement. Besides a TLS refinement (Murshu-
dov et al., 2011) of each of the subunits, the use of tight ncs restraints for
the crystallographically independent four S and L subunits and two B subunits
allowed the refinement of individual atomic xyz positions and B factors. A
high degree of disorder is indicated by the average B factor (>100 A˚2) that
is obtained after refinement. Nevertheless, thanks to the quality of the
starting high-resolution H2ase model, good refinement statistics could be
obtained (Table 1).
Accessible Surface and Electrostatic Potential Calculations
Accessible surfaces (Table S3) were determined with the program dssp
(Kabsch and Sander, 1983). Approximate electrostatic potential surfaces
were calculated with the PyMOL Molecular Graphics System, Version
1.5.0.4, Schro¨dinger.ACCESSION NUMBERS
The PDB accession number for the coordinates and structure factors of the
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